Fire experiments were conducted on four mock-up roof constructions with an array of 6 Photovoltaic (PV) panels to study the fire dynamics and flame spread behaviour, so as to better characterise the fire risks of such a system. As it is customary to retrofit PV panels to existing warehouse roofs, where expanded polystyrene (EPS) and polyvinylchloride-based roofing membrane BROOF(t2) is a typical roofing, the experiments were carried out on such installations, but with a mitigation solution on top; 30 mm mineral wool or 40 mm polyisocyanurate (PIR). All mock-ups were 6.0 m long, whereas the width was 2.4 m (Experiments 1 and 2) and 4.8 m (Experiments 3 and 4), respectively. A wood crib was placed under the PV panels and it ignited the roofing membrane after 7-8 minutes, which in all four experiments resulted in fire spread under all the six PV panels covering an area of 5.1 m × 2.0 m. However, no self-sustained fire was observed beyond the area below the PV array. Within the first hour, the maximum temperatures were measured to respectively 175℃ and 243℃ underneath the two mitigation solutions of PIR insulation and mineral wool, which is more than 100℃ below the piloted ignition temperature for the EPS insulation. However, the EPS was ignited in both experiments with the PIR insulation due to thermal degradation of the protective material after approximately one hour. These experiments confirm that a small initial fire underneath a PV installation can transform into a hazardous scenario due to the changed fire dynamics associated with adding the PV panels to the existing roof.
Introduction
The rapid increase of energy produced globally by photovoltaic (PV) installations continued in 2017, with an increase of almost 100 GW, to a total of 402.5 GW [1] . In the US, an increase of 127 MW was made solely by three shopping malls and a real estate company [2] , indicating a solid commercial interest in on-site PV power. A 58% price drop since 2012 [3] and protection from changing energy costs, are reasons for the increased popularity of the PV installations. Flat roofed buildings, such as warehouses or industrial production buildings, are particularly suitable for PV installations due to their large area and the fact that they are often elevated above the surrounding environment and thus capable of utilising the full potential of the installation.
However, the addition of PV installations, and thereby large electric systems powered by an energy source that cannot be turned off (the sun), introduces a new hazard that few buildings have been designed for. In Italy alone, 800 PV related fires occurred in 2012, after which it decreased to 600 and 469 fires in the following two years due to changed regulations [4] . Cancelliere [5] created a good overview of the issues related to the installation of PV arrays, where especially sections dealing with the cause of ignition and the propagation of the fire are of interest. The consensus seems to be that electrical malfunctions cause the initial fire on the roof constructions [6, 7, 8, 9] . Grant [10] described seven PV related fires in the US that all occurred due to electrical malfunctions, but he writes that the cause of the initial fire could also occur due to: (1) an external exposure fire, (2) fire originating within the structure, or (3) a fire originating in the PV system. From a fire safety engineering point of view, PV arrays installed on flat roof constructions are probable for both cause 1 and 3, but the consequences of both scenarios are similar -a fire developing underneath or in the PV installation. With an uncertainty of the power of a possible short circuit it would be of limited interest to test a specific set-up, since the difference between ignition and no ignition for a controlled short circuit also depends on the many surrounding factors -the fire often occurs due to the wrong events at the wrong time. Despite the uncertainty of the ignition source the fires occur and therefore the following experiments and analysis will focus on the propagation of the fire in case of an ignition underneath a PV array placed on a flat roof construction.
Backstrom and various co-authors carried out a series of projects at Underwriters' Laboratories, where they, based on UL1703 and UL790, tested how the introduction of PV panels or benchmark tests with non-combustible panels influenced the classification of different roof coverings [11] [12] [13] . The project focused on domestic installations on sloped roofs and how to prevent the installation to influence an existing fire [14] . They measured the maximum temperatures and heat fluxes and compared it with the critical heat flux for various roofing materials [14] , and they came up with, and tested different mitigation solutions to prevent the fire from propagating underneath the panels [15] [16] [17] . Cancelliere and Liciotti [18] compared the reaction to fire for four different PV backsheets by the use of the Italian standards UNI 8957 and UNI 9174. The four backsheets obtained respectively the best and second best reaction to fire rating on a scale with five steps. Likewise, recent parametric studies [19] have showed that the PV panel itself only contains a limited amount of combustible materials such as a thin polymer based backsheet and combustible encapsulate materials. When ignited, the materials increase the heat flux towards the subjacent roof surface for a very short period because of the thin combustible layers and thereby limited time of combustion [19] . Given these points, the importance of the combustible materials in the main PV panel might be insignificant with respect to the propagation of the fire, -not to be mistaken with the fact that the PV panels probably are the main cause for the ignition, which leads to the fire.
Furthermore, the same recent parametric studies of the reflection of fire-induced heat underneath photovoltaic arrays [19] have shown that the reflected heat, combined with the deflected flame, represents an additional heat source that increases the total heat flux towards the roof construction significantly. It was found that the additional heat resulting from the PV panel could make the difference between whether or not the initial fire could spread beyond the ignition area.
Only a limited number of large-scale tests involving PV panels have been conducted. Backstrom and Dini tested the reaction to fire of three different types of PV systems (PV with glass front and aluminium frame, PV laminate and PV tiles) installed on a sloped roof [20] . In all these experiments, the roof constructions were uninsulated and the fire originated from the inside of the enclosure below the roof construction with PV panels (i.e. not in proximity of or in direct relation to the PV panels). As such, the objective was not to understand how the PV installation affected the fire, but rather to study how the fire affected the PV installation and their production of power. As a result, the findings were primarily of relevance for the safety of firefighters.
In contrast, the experiments presented herein are the first study of fire spread underneath a multi-panel PV array, and the first experiments conducted on a realistic mock-up of a flat roof construction with different roofing solutions. The experiments are of relevance for the general understanding of PV related fires, and in particular for all stakeholders placing PV panels on flat roof constructions. More specifically, the main purpose of the current full-scale experiments was to verify an observation from fire events [21] [22] , namely that the installation of a PV array increases the area to which the fire propagates on a given substrate, most often to the entire surface area underneath the PV panels.
As many installations are currently retrofitted on top of an existing roof constructions (as complete reroofing is not an option), and because the existing insulation material often is combustible, the introduction of a mitigation layer between the existing roofing and the PV panels has become a common solution. Therefore, the current experiments were designed to study: (1) If and how the fire would propagate underneath the PV arrays. (2) Whether or not the fire propagates outside the array. The tests were based on an existing roof construction insulated with expanded polystyrene (EPS) insulation, as this is a common roofing solution for warehouses, and because it was considered a worst-case scenario, given the flammability properties of EPS. In order to establish whether or not ignition of the EPS (existing roofing solution) could be avoided, different mitigation solutions were tested. Initial experiments without the mitigation layer showcased the combustibility of the EPS insulation in a similar setting [23] , and 'baseline experiments' with only the EPS and the membrane was deemed unnecessary, as the entire assembly would go up in flames, even without the PV panels being present. For solutions with a mitigation layer, however, it was not expected that a sustained fire could be established outside the PV arrays due to the lack of the additional heat flux from re-radiation associated with the PV panels.
Because all four experiments were based on a set-up with one PV array, and not multiple arrays, it was not possible to study the spread of fire from one array to another. In such a case it would be of interest to study potential correlations between wind speed, wind direction, distance between arrays and potential spread of fire from array to array, as wind does indeed influence fires. Herein, however, it is very important to distinguish between the two terms flame spread rate and flame spread when it comes to the wind influence, as the terms, respectively, describe the velocity of the flame front (m/s) and the area of damaged roof construction (m 2 ). The extent of the wind influence varies for the two cases -with or without PV panels installed.
In open space (i.e. without PV panels), the wind influences several aspects of the fire propagation. For example, the flame spread rate increases as a function of concurrent flow [24] and decreases for opposed flows [25] . In both cases, the wind deflects the fire from the flame front resulting in either an increased or decreases heat flux towards the virgin fuel. As a result, the extent of flame spread can be reduced in the opposed flow direction and increased in the concurrent flow direction.
For the second case, that is, when a PV installation is introduced above the existing roof construction, a semi-enclosure is established close to the roof surface. The PV panels can then be compared to an inclined ceiling, which causes deflection and extension of the flames, where the extension depends on the angle of inclination and the heat release rate [26] . Qui et al. concluded that the flame extension beneath a confined ceiling is decreased as a function of an increased wind flow [27] , something that in turn can change the fire dynamics. As the PV panels themselves change the fire dynamics, it is difficult to separate the two effects without an extensive parametric study with very controlled wind conditions. Such a study was not undertaken herein, but some comments about the wind and the wind influence are made in the experimental setup section and the results section, respectively.
To reiterate, a detailed understanding of how the wind affects the flame spread rate underneath PV installations would have required parametric studies and was not the objective for the current experiments. Rather, the objective was to study how a PV array influences the fire spread on a flat roof surface. In particular, the focus was on the extent of the fire spread underneath and outside of the PV panel array. In addition, the study focused on the downward spread through different roofing solutions.
Experimental set-up
The experimental set-up is divided into a description of the ignition source and a description of the four mock-ups used for the experiments.
Source of ignition
Although most PV related fires are assumed to occur due to an electrical malfunction, it was decided to ignite each mock-up by the use of a wood crib to ensure a similar source of ignition in all four experiments. The cribs were made of medium-density fibreboard (MDF) sticks with the dimension of 16 mm × 16 mm × 160 mm and a heat of combustion of 18.4 kJ/g. Each wood crib consisted of six layers with four sticks and was constructed according to McAllister [28] , whose equations were also used to calculate the maximum theoretical heat release rate (HRR) of 30 kW for the cribs. An experimental HRR was determined by measuring the mass loss rate of four wood cribs. Two of the wood cribs were tested on a non-combustible surface, whereas the other two wood cribs were tested on top of the two mitigations solutions to screen if they influenced the mass loss rate, which was not the case. 
Design of the mock-ups
A total of four full scale experiments were performed and the two kinds of mitigation layers were tested, see Table 1 . All the mock-ups used for the experiments consisted of three components, as seen in Fig.  2 ; The existing roof construction, a mitigation solution, and vertical protection preventing ignition of the roof construction from the side of the mock-up. All of the roof constructions were built on top of a simple wood frame that made it possible to move each mock-up. The existing roof construction consisted of a self-supporting metal sheeting, 150 mm EPS insulation and a BROOF(t2) classified polyvinylchloride-based (PVC-based) roofing membrane with a critical heat flux, qcrit, of 6.6 kW/m 3 [23] . The European classification BROOF(t2) is based on the test method EN 1187 and the classification EN 13501-5.
A mitigation solution was placed on top of the existing roof construction to prevent ignition of the EPS insulation. The mitigation solution consisted of a mitigation layer and an additional layer of the aforementioned roofing membrane. Initially it was decided to conduct the full-scale tests with two different types of mitigation layers: PIR insulation and mineral wool. Because the PIR insulation was manufactured with a layer of alufoil on each side of the product, a comparison of the temperature development underneath the two products was made in experiments where the samples were exposed to an identical external heat flux. A layer of roofing membrane and each of the mitigation products were placed inside a cone calorimeter sample holder and a type-k thermocouple was placed underneath the insulation material. The samples were exposed to 20 kW/m 2 via the cone heater from a cone calorimeter and the temperatures were monitored as a function of time. Because the polyisocyanurate (PIR) insulation was manufactured with alufoil on both sides to decrease the influence of radiative heat towards the foam, the obtained temperature was significantly lower, as seen from Fig. 3 . To make the PIR and the mineral wool more comparable from a pure heat transfer perspective, a third test with mineral wool and alufoil was conducted and resulted in a temperature reduction of around 150°C (Fig.  2) .
Because of the temperature reduction accomplished by introducing the alufoil, a total of three different mitigation solutions were tested (Table 1) . For the full-scale the experiments, it was decided only to test materials that were commercially available (in Denmark), which is the reason for the different thicknesses of the two mitigation layers. All layers were mechanically fixed by the use of 32 mm metal discs and 6 mm self-tapping screws. The four experiments were conducted on two different days, resulting in slightly different weather conditions, as seen in Table 1 . As the wind was not expected to affect the flame spread underneath the PV installation significantly, and because studying the flame spread rate was outside the scope of the current objectives, the wind speed was not monitored in detail in any of the experiments. However, an average wind speed on the days with experiments were reported at nearby weather stations. The values given were 1. The commercial available mounting system used for the installation of the PV panels was made of aluminium beams and plastic supports elevating the PV panels 320 mm in the centre and 90 mm on each side of the array. Where the main purpose of the first test round (T1 and T2) was to examine whether the fire propagated underneath the PV array, it was also possible to test if the fire propagated outside the array in the second test round (T3 and T4) where the area of the mock-ups were doubled as seen from Table 1 and Fig. 5 .
Thermocouples were installed underneath the second layer of roofing membrane, on top of the EPS insulation and thereby in-between the two components of layer C in Fig. 2 . In the first test round (T1 and T2) the thermocouples were placed along a horizontal and a vertical line intersecting underneath the point of ignition. In experiment T3 and T4, the temperature underneath the mitigation layers were measured with 20 type-K thermocouples located as shown in Fig. 6 . 
Results

Source of ignition
The four measurements of the mass loss rate did not reveal any significant difference between the experiments made on top of a non-combustible material, and the two mitigation solutions T3 and T4. Based on the mass loss rate (MLR) for the four experiments, a maximum steady state heat release rate (HRR) of 23 kW was calculated. Because of the re-radiation from the PV panels, the combustion efficiencies of the wood cribs are unknown. The stated HRR is therefore conservatively taken as the theoretical maximum based on the MLR, the heat of combustion for wood, and a burning efficiency of 100%. In addition, the experiments also constituted another important observation. The two separated mitigation solutions are shown in Fig. 7 and it can be seen that neither the roofing membrane nor any of the mitigation materials were affected by the heat from the ignition source outside a diameter of approximately 200 mm. The relatively small area affected, compared to the side length of the wood crib, indicated that the critical heat flux for flame spread across the roofing membrane used for the experiments was higher than the heat flux created by the wood crib alone. Thus, under normal circumstances (i.e. without PV panels), a fire of this size would not spread across the roofing membrane on top of PIR or mineral wool. 
Full Scale Experiments -initial propagation
Despite the different wind conditions and the slight modification of the position of the ignition source, as seen in Fig. 5 , the initial ignition of the roof construction occurred almost similar in all four experiments. Figure 8 shows the relevant frames of the ignition phase from experiment T2, where the wood crib was placed underneath the junction box and thereby next to the mounting system's transversal aluminium beam. As seen from Fig. 8 a, the limited amount of wind resulted in only vertical propagation of the fire inside the wood crib and no horizontal flames along the top of the roof construction. In the following frames in Figs. 8 b to d, it is seen how the heat from the wood crib ignited an object underneath the backside of the PV panel, whereupon the object dropped towards the top of the roof construction and ignited the roofing membrane. In Fig. 8 Based on the video recordings of experiments T1 and T2, the distance between the flame fronts and the centre of the wood crib was estimated as a function of time from ignition of the wood crib, as seen in Fig. 9 . For the two experiments, no spread occurred outside the source of ignition within the first 7 minutes, as the fire within the wood crib had to build up. This observation alone provides strong evidence for the crucial influence that the PV panels have on the fire dynamics and spread. The delay of approximately 3 minutes between the spread towards right side of the wood crib for test T1 and T2, occurred due a wind flow towards the left side of the picture in experiment T1. However, the inclination of the four plots in Fig. 9 are identical and equivalent to a spread rate of approximately 0.2 m/min. 
Area of propagation
The fire propagated underneath all six PV panels in all four experiments, as seen from experiment T3 in Fig. 10 , which also shows the maximum spread of the fire outside the array. Experiments T1 and T2 showed that the fire hardly propagated outside the array, which was in line with the laboratory experiments with just a crib (Section 3.1). However, due to the limited size of the mock-ups, it was not possible to eliminate the influence of possible adverse edge effects that could reduce the growth of the fire near the edges. The increased area of experiments T3 and T4 made it possible to examine how the fire propagated outside the array. The maximum spread distance outside the array was approximately 1 m, as seen from the picture in Fig. 10 and the two sketches in Fig. 11 . The charred area in the left side of Fig. 10 shows the affected roofing membrane. The propagation outside the array did not occur due to propagation of the fire along the roofing membrane, but due to a wind-related deflection of the largest flames from the fire underneath the array.
When flames underneath a PV panel are deflected by wind, one can expect an increase in the heat flux towards the subjacent roofing membrane [19] . However, this increased heat flux will target a smaller area of the fuel, and it is unclear what effect it will have on the flame spread rate. Still, the extent of flame spread (i.e. not the rate) is not expected to be significantly altered by the wind, as these two windaffected parameters in the system (smaller flame extension and higher local heat flux) will counteract each other. Finally, once the flames leave the area below the PV panels, the case will be that of open flame spread, as described above, and the extent of flame spread can be reduced in the opposed flow direction and increased in the concurrent flow direction. The experiments confirmed that the side of the PV panel array with opposed flow flame spread indeed had slightly lesser extent of flame spread than the side with concurrent flow. Still, the differences were minimal for the normal wind speeds present in the current experiments, and the current data does not support quantitative relations on the effect that wind may have on the extent of fire spread beyond the edge of the panel array.
Whereas the main PV panels did not contribute with a significant fuel load to the roof construction, all the plastic supports from the mounting system were ignited and burned until the fire were actively extinguished, as seen in Fig. 10 .
The influence of the PV installation is thereby in accordance with the small scale laboratory experiments conducted by Kristensen et al. [23] , which showed that the critical heat flux for spread could be reached with panels in place, but not without. Figure 10 -Experiment T3. The whole area underneath the PV array was affected by the fire. Contrary to the picture, the dominant wind direction was from the right towards the left side of the picture as seen in Fig. 10 a. a) Experiment T3 with a mitigation layer of polyisocyanurate (PIR) insulation.
b) Experiment T4 with a mitigation layer of mineral wool (MW). 3.4 Damage of the mitigation solutions Although the different mitigation layers had no direct influence on the combustion of the top roofing membrane, it was seen that the mitigation layers reacted differently to the heat from the burning membrane and the wood crib.
In both experiments with a mitigation layer of PIR insulation (T1 and T3) it was seen that the heat from the wood crib compromised the integrity of the product, resulting in a penetration of the mitigation layer as seen in Fig. 12 . Upon penetration of the PIR insulation, the findings strongly suggest that the EPS below was ignited. This is supported by the sooted EPS insulation and melted carbonised areas in Fig. 14 a, as well as by smoke observations during the experiments. Further support for this comes from the temperature data presented in Section 3.5. The three areas with melted EPS insulation, marked by red arrows in Fig. 14 a, developed due to the heat from the burning plastic supports. In the two experiments with a mitigation layer of mineral wool (T2 and T4) there were no physical damage of the mitigation layer, as seen from Fig. 13 , which thereby separated the fire from the EPS insulation that were not ignited in both experiments. In spite of the non-ignited EPS insulation, it was still affected by the conductive heat transfer through the mineral wool, which melted the EPS. The damaged areas of EPS insulation were strongly dependent on whether the additional layer of alufoil was placed above the mineral wool. In experiment T2 only a circular area with a diameter of approximately 1 was melted away, whereas most of the area underneath the PV array was affected in experiment T4, as seen from Fig. 14 b. In both experiments with a mitigation layer of mineral wool there was no sign of fire or combustion in the EPS insulation since there was no sooty or carbonised areas. a) From experiment T3 (PIR insulation). The damaged area was limited due to extinguishment by fire fighters. Notice; 1) the sooty sides of the EPS insulation and the carbonised area in the centre of the hole.
2) The melted areas above the three red arrows. The observed smoke production and the recorded temperatures also support the postulation that the EPS ignited.
b) From T4 (mineral wool). The absence of soot on the EPS insulation, combined with the lack of smoke observations and the low recorded temperatures, suggests that no ignition occurred, and the damage of the EPS only happened due to the conductive heat transfer through the mineral wool. [29] , piloted ignition for flame retarded EPS occurs at 366℃ − 405℃ and auto-ignition at 470℃. These temperatures were only measured in experiment T3 due to the earlier mentioned thermal degradation and penetration of the PIR insulation. Until the penetration of the PIR insulation, which occurs after 63 minutes, the maximum temperature below the mitigation layer in experiment T3 was 175℃. Compared to the maximum measured temperature of 243℃ underneath the mineral wool in experiment T4, the temperature was significantly lower. But it is noteworthy that the maximum temperatures were more than 100℃ below the minimum temperature for piloted ignition.
The maximum temperature for experiment T4 occurs 34 minutes after the ignition, whereupon the temperature decreases, due to the lack of combustible materials on top of the construction, as seen from Fig. 16 d. In Fig. 15 the temperature is plotted after the penetration of the PIR insulation and indicates how the warmest area is travelling within the EPS insulation. The hottest area in Fig. 14 is moving from the point of ignition above thermocouple 10 ( Fig. 15 a) , towards thermocouple 15 (Fig. 15 b) and 13 ( Fig. 15 c) . None of the plotted temperatures in experiment T4 exceeds the above-mentioned temperature for piloted ignition of flame retarded EPS [29] . The lack of high temperatures is made on purpose to make a similar scaling between Figs. 15 and 16 . Furthermore, the high temperatures only occurred for a few minutes near each thermocouple due to the limited mass of the combustible EPS insulation, as seen from 
Conclusion
Four experiments with PV panel arrays on flat roof constructions were carried out to examine the fire dynamics behaviour and flame spread on the substrate underneath the panels. In all experiments a small wood crib was used as ignition source and it was tested if a mitigation layer of either 40 mm PIR insulation or 30 mm mineral wool could prevent downwards spread of fire.
The four experiments covered herein demonstrated, that the spread area of fire on a roof construction with PV arrays were limited by the area of the arrays. In all four tests, the fire propagated underneath all panels, uninfluenced by differences in the wind conditions (no wind and moderate wind). Furthermore, the limited propagation outside the PV array was not influenced by the type of mitigation layer and no sustained fire occurred, even with a concurrent wind flow. These results are in accordance with lab-scale studies focusing on the re-radiation cause by PV panels in a fire [19] and confirm that it is the changed fire dynamic scenario that is the main cause for fire spread over the membrane, and not the fire load of the panels, the wind or the low critical heat flux of the membrane.
40 mm PIR insulation (T1 and T3) and 30 mm mineral wool (T2(w/alu) and T4) were tested as mitigation layers to protect a subjacent layer of expanded polystyrene (EPS) from ignition, which partially succeeded for both solutions within an hour after ignition. Where the ignition of the EPS insulation in experiment T1 may have occurred due to ignition from the side of the mock-up, it was not the case in test T3. After one hour and three minutes, the mechanical properties of the PIR insulation in experiment T3 failed, the material was penetrated by the fire, and the EPS insulation was ignited. In both experiments with PIR insulation it was necessary to extinguish the fire by assistance from the fire fighters, indicating that a fire in the EPS insulation is sustainable in case of ignition, due to the fuel/airratio of the material. Contrary to experiments T1 and T3, the mineral wool in experiments T2 and T4 remained stable throughout the experiments. The mechanical stability and the maximum measured temperature of 243℃ prevented an ignition of the EPS insulation.
The obtained results provide an increased understanding of the fire related risk introduced by the installation of PV arrays. The results indicate that the geometry of the PV installations has a significant influence on the propagation. The fire related risk of PV panels is thereby not only dependent on the new installation, -but also on the materials in the existing roof construction. Although the roofing membrane was classified as B 899: (t2) according to EN 13501, the fire propagated quickly due to the additional contribution of heat reflected by the PV panels. Solving the issue will require further studies within multiple fields of fire safety engineering, such as understanding; 1) how the materials used on existing roof constructions react to fire, when they are exposed to the abovementioned combined heat flux; 2) how the design of the PV installations, such as elevation and inclination of the panels and distance between individual arrays, influences the spread of fire; 3) how the components related to the PV installation, such as the mounting system, reacts to fire; and finally 4) how the spread of fire is affected by different weather conditions such as wind, which could accelerate the propagation even further.
In brief, these full-scale experiments confirm that an initial fire underneath a PV installation can transform into a hazardous scenario due to the changed fire dynamics of the existing roof, where combustible construction materials can become fuel loads and thereby increase the fire risk through increased consequences. Combined with the fact that introducing PV panels increases the probability of a fire, the overall risk in terms of probability times consequence can increase significantly unless properly managed through the use of the proper fire mitigation and fire management solutions.
